Highlights in Seagrasses’ Phylogeny, Physiology, and Metabolism: What Makes Them Special? by Papenbrock, Jutta
International Scholarly Research Network
ISRN Botany
Volume 2012, Article ID 103892, 15 pages
doi:10.5402/2012/103892
Review Article
Highlights in Seagrasses’ Phylogeny, Physiology,
and Metabolism: What Makes Them Special?
Jutta Papenbrock
Institute of Botany, Leibniz University Hannover, Herrenha¨user Straße 2, 30419 Hannover, Germany
Correspondence should be addressed to Jutta Papenbrock, jutta.papenbrock@botanik.uni-hannover.de
Received 1 October 2012; Accepted 20 November 2012
Academic Editors: M. Kwaaitaal and I. Zarra
Copyright © 2012 Jutta Papenbrock. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
The marine seagrasses form an ecological and therefore paraphyletic group of marine hydrophilus angiosperms which evolved
three to four times from land plants towards an aquatic and marine existence. Their taxonomy is not yet solved on the species level
and below due to their reduced morphology. So far also molecular data did not completely solve the phylogenetic relationships.
Thus, this group challenges a new definition for what a species is. Also their physiology is not well understood due to diﬃcult
experimental in situ and in vitro conditions. There remain several open questions concerning how seagrasses adapted secondarily
to the marine environment. Here probably exciting adaptation solutions will be detected. Physiological adaptations seem to
be more important than morphological ones. Seagrasses contain several compounds in their secondary metabolism in which
they diﬀer from terrestrial plants and also not known from other taxonomic groups. Some of these compounds might be of
interest for commercial purposes. Therefore their metabolite contents constitute another treasure of the ocean. This paper gives
an introduction into some of the most interesting aspects from phylogenetical, physiological, and metabolic points of view.
1. Introduction
Seagrasses are a paraphyletic group of marine hydrophilus
angiosperms which evolved three to four times from land
plants back to the sea. The following characteristics can be
used to define a seagrass species. It lives in an estuarine or in
the marine environment, and nowhere else. The pollination
takes place underwater with specialized pollen. The seeds
which are dispersed by both biotic and abiotic agents are
produced underwater. The seagrass species have specialized
leaves with a reduced cuticle, an epidermis which lacks
stomata and is the main photosynthetic tissue. The rhizome
or underground stem is important in anchoring. The
roots can live in an anoxic environment and depend on
oxygen transport from the leaves and rhizomes but are also
important in the nutrient transfer processes [1]. Seagrasses
profoundly influence the physical, chemical, and biological
environments of coastal waters. Though seagrasses provide
invaluable ecosystem services by acting as breeding and
nursery ground for a variety of organisms and promote com-
mercial fisheries, many aspects of their physiology are not
well investigated. Several studies have indicated that seagrass
habitat is declining worldwide [2]. Ten seagrass species are
at elevated risk of extinction (14% of all seagrass species)
with three species qualifying as endangered. Seagrass loss
and degradation of seagrass biodiversity will have serious
repercussions for marine biodiversity and the human pop-
ulation that depends upon the resources and ecosystem
services that seagrasses provide [3]. This paper aims to
highlight some fascinating and sometimes hidden aspects of
seagrass physiology and their metabolites and focuses on
the distinctiveness of seagrasses also from an evolutionary
point of view. Maybe it encourages protecting the invaluable
ecosystem of seagrass meadows.
2. Origin of Seagrasses
Seagrasses do not represent the link between marine algae
and terrestrial higher plants. This unique ecological group
represents the “whales” of the plant kingdom. Similarly to
whales seagrasses returned to sea and secondarily colonized
marine habitats [4]. The recolonization occurred exclusively
from the monocot order Alismatales and appears to be
evolutionary unique. The adaption to marine environments
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is regarded as an analogous adaption and took place at least
three times independently during the evolution of seagrasses
[5]. Only four families of higher plants, Posidoniaceae,
Cymodoceaceae, Hydrocharitaceae, and Zosteraceae, con-
tain exclusively marine species [6] (Figure 1; Table 1). The
Posidoniaceae, which are monogeneric, and the Zosteraceae,
consisting of the four genera, Heterozostera, Phyllospadix,
Nanozostera, and Zostera, are exclusively marine organisms.
Likewise the Cymodoceaceae represents a solely marine fam-
ily and encompasses the highest variety of genera (Amphi-
bolis, Cymodocea, Halodule, Syringodium, and Thalassoden-
dron). The Hydrocharitaceae, that mainly comprise genera
restricted to freshwater habitats, also include three marine
genera (Enhalus, Halophila, and Thalassia) [5]. Seagrasses
can therefore be regarded as an ecological group, occurring
worldwide in diﬀerent climatic zones (Table 1) and sharing
various metabolic features with their terrestrial counterparts.
However, their metabolism must have undergone several
adaptations to survive and colonize shores and oceans
worldwide (see Section 5).
Molecular approaches shed light on which seagrass genes
have diverged from their terrestrial counterparts via an initial
aquatic stage characteristic of the order and to the derived
fully-marine stage characteristic of seagrasses. Positively
selected genes are associated with general biological pathways
such as metabolic pathways, translation, and photosynthesis,
probably associated with the Na+ toxicity of these processes
[7].
When did the seagrass genera evolve? There are age
estimates for families of monocots published. The Cymod-
oceaceae have a crown node age of 61Mya and a stem node
age of 67Mya, the Hydrocharitaceae a crown node age of
75Mya and a stem node age of 88Mya, for the Posidoniaceae
only a stem node age of 67Mya can be estimated, and the
Zosteraceae appeared only recently with a crown node age of
17Mya and a stem node age of 47Mya [8].
3. Morphological Traits and Molecular Markers
for Seagrass Differentiation
3.1. Morphological Traits. Although on a global scale sea-
grasses represent less than 0.1% of the angiosperm taxa,
the taxonomical ambiguity in delineating seagrass species is
high. The taxonomy of several genera is unsolved. While
seagrasses are capable of performing both, sexual and asexual
reproduction, vegetative reproduction is common and sexual
progenies are always short lived and epimeral in nature
(Figure 1; Table 1). This makes species diﬀerentiation often
diﬃcult, especially for nontaxonomists since the flower as
a distinct morphological trait is missing. Some seagrass
genera can hardly be distinguished by their morphology
at all, for example, examples from the Halophila complex
(Figure 1; [9]). There are no morphological characters that
can distinguish the seagrasses from other aquatic plants. The
only character in which most of them diﬀer from the other
aquatic plants is the filiform pollen or the strings of spherical
pollen. However, it is not known what the special advantage
of these may be for life in the marine environment [6].
The Halophila section is known as one of the most
complex taxonomic challenges [10, 11]. Phenotypic plas-
ticity is a problem not only between populations, but also
between species, at least for complex ones. Especially the
Halophila ovalis complex has little genetic variation but
wide morphological plasticity [12]. Diﬃculties on mor-
phological classification occur during species identification
due to overlaps of morphological traits among species of
Halophila (Figure 1). Current phylogenetic relationships in
the order Alismatales based on molecular data compared
with morphological were studied by Li and Zhou [13] or
more specifically for the Hydrocharitaceae family by Chen
et al. [14]. In general, morphological data sets of seagrasses
contain poor phylogenetic signals and an incongruence
between DNA and morphological results is observed [13,
14].
3.2. Molecular Marker Including DNA Barcoding. Due to
the reduced morphological traits and the high phenotypic
plasticity molecular methods might help to clarify the
taxonomy and also help the nontaxonomists to diﬀerentiate
among diﬀerent seagrass taxa. However, so far there is no
data set of molecular markers available which resolves all
taxonomically accepted seagrass species, and more work has
to be done to close this gap of knowledge. The development
of a DNA barcoding system assisting also nontaxonomists to
identify regional seagrass species was successful. Based on the
recommendations of the Consortium for the Barcoding of
Life (CBOL), rbcL and matK were used. Tree- and character-
based approaches demonstrate that the rbcL sequence frag-
ment is capable of resolving up to family and genus level.
Only matK sequences were reliable in resolving species
and partially the ecotype level. Additionally, a plastidic
gene spacer was included in the analysis to confirm the
identification level. Although the analysis of these three loci
solved several nodes, a few complexes remained unsolved,
even when constructing a combined tree for all three loci
[15]. The addition of a nuclear ITSmarker constitutes a good
completion of the rbcL/matK marker system (Table 2) ([16];
unpublished own data). However, for population studies
AFLP or microsatellite analysis has to be used because the
resolution of the other marker systems is not suﬃcient ([16];
unpublished own data).
4. Physiology of Seagrasses
4.1. Conditions for Seagrass Growth. While there are few or
no particular structures in seagrass that can be identified
as unique in terms of structural adaptation to the marine
environment, there is a suite of characters, which together
can be taken as representative of seagrasses. These include
strap-shaped leaves and anatomical reinforcement to resist
wave action, adaptation of leaves to carry out photosyn-
thesis in a seawater environment, osmotic adjustment and
other adaptations within the leaf blade and leaf sheath,
modifications to rhizomes and roots for diﬀerent substrates,
pollination by hydrophily, reduction in the layers of the
pollen wall, and several unique features associated with seed
formation and dispersal mechanisms [17]. However, there
ISRN Botany 3
(a) (b) (c) (d)
(e) (f) (g) (h)
(i) (j) (k)
Figure 1: Schematic illustrations of seagrass members of the four diﬀerent families. Cymodoceaceae: (a) Cymodocea serrulata, (b) Halodule
pinifolia, (c) Halodule uninervis, (d) Halodule wrightii. Hydrocharitaceae: (e) Halophila decipiens, (f) Halophila ovalis, (g) Halophila ovata,
(h) Halophila beccarii. Zosteraceae: (i) Zostera marina, (j) Zostera noltii. Posidoniaceae: (k) Posidonia australis (source of the single schemes:
http://ian.umces.edu/symbols/).
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Table 1: Seagrass species sensu stricto according to the definitions by Larkum et al. [1]. The table shows combined data from Ackerman
[101] and Short et al. [18].
Family Genus
Reproductive ecology Reproductive ecology
Distribution
Mode Decliny
Hydrocharitaceae
Enhalus (1) Surface Monoecious 5∗
Thalassia (2) Submarine Dioecious 2, 5
Halophila (14) Submarine Monoecious and dioecious 2, 3, 4, 5, 6
Cymodoceaceae
Amphibolis (2) Submarine Dioecious 6
Cymodocea (4) Submarine Dioecious 1, 3, 5
Halodule (8) Submarine Dioecious 1, 2, 5
Syringodium (4) Submarine Dioecious 2, 5
Thalassodendron (2) Submarine Dioecious 5, 6
Posidoniaceae Posidonia (1) Submarine Bisexual 3, 6
Zosteraceae
Heterozostera (1) Submarine Monoecious 6
Phyllospadix (5) Submarine Dioecious 4
Nanozostera (8) Submarine and surface Monoecious 1, 3, 4, 5, 6
Zostera (4) Submarine and surface Monoecious 1, 3, 4, 5, 6
∗
1 Temperate North Atlantic, 2 Tropical Atlantic, 3 Mediterranean, 4 Temperate North Pacific, 5 Tropical Indo-Pacific, 6 Temperate Southern Oceans.
Table 2: Overview about molecular studies of seagrasses using diﬀerent molecular marker systems.
Taxon Loci used Source
Alismatales rbcL Les et al. 1997 [5], Li and Zhou 2009 [13]
Hydrocharitaceae rbcL, matK Tanaka et al. 1997 [102]
Hydrocharitaceae 18S, rbcL, matK, trnK 5′ intron, rpoB, rpoC1, cob, atp1 Chen et al. 2012 [14]
Halophila ITS1, 5.8S, ITS2 Uchimura et al. 2008 [11]
Halophila ITS1, 5.8S, ITS2 Waycott et al. 2002 [103]
Halophila ITS1, 5.8S, ITS2 Short et al. 2010 [12]
Halodule rbcL, phyB, trnH-psbA Ito and Tanaka 2011 [104]
Zostera rbcL, matK Kato et al. 2003 [105]
Zostera rbcL, trnK, ITS Les et al. 2002 [106]
All seagrass genera trnL Procaccini et al. 1999 [107]
Halodule, Posidonia, Ruppia trnL, ITS M. Waycott, pers. comm.
are no specific morphological (secondary) adaptations to the
marine environment.
Obviously, the physiological adaptations are more im-
portant than morphological ones and seagrasses must have
evolved very special physiological mechanisms to deal with
large fluctuations in salinity. Seagrasses generally have high
light requirements, with an average of 10% of surface light.
Some species, such as Halophila, often grow in deeper water
and have been shown to survive at approximately 5% of
surface light. Often the distribution of seagrasses is primarily
limited by the amount of light that reaches the sediment.
Therefore increasing turbidity by resuspension of fine sedi-
ment or anthropogenic factors leads to a decrease of seagrass
growth and abundance. Seagrasses can be categorized on the
basis of their growth forms, which range from small plants
with thin leaves (e.g., Halophila, Halodule) to large plants
with thick leaves (e.g., Thalassia, Enhalus, and Posidonia).
This gradient in seagrass morphology and turnover rates is
also reflected in aspects of distribution, ecophysiology, and
ecological interactions. These large variations inmorphology
and ecological function of diﬀerent seagrass species influ-
ence, how they interact with higher trophic levels and the
type of habitat they provide [18].
Seagrass photosynthesis, particularly in shallow and
confined environments, is thus constrained by low CO2
concentration and low molecular diﬀusion associated with
the boundary layer around the leaves. The greatest physiolog-
ical and biochemical adaptation is probably the conversion
of HCO3
− in seawater into CO2 presumably by anhydrase
enzymes at the outer tangential walls of epidermal cells and
also the presence of a proton pump at the plasmalemma of
seagrass leaves. However, this applies also to most freshwater
plants. The primary form of dissolved inorganic carbon in
the marine environment is bicarbonate (90%), while CO2
represents a minor fraction (0.5–1%) for seawater at pH
8.1–8.3 (and less than 0.1% at the higher ranges of pH) [19].
The ability to utilize HCO3
− could be one of the traits
evolved in the last common ancestor branch. In contrast,
a set of signals of positive selection specific to the Zostera
lineage could relate to the biochemical mechanism used in
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carbon fixation. Seagrasses have long been regarded as C3
plants, but physiological measurements have gathered indi-
cations that several seagrass species, including Z. marina, are
C3-C4 intermediates or have various carbon-concentrating
mechanisms to aid the ribulose-1,5-bisphosphate carboxy-
lase/oxygenase (RuBisCO) enzyme in carbon acquisition [20,
21]. Seagrasses are able to activate diﬀerent mechanisms
to cope with conditions of light-limitation and shifted
light spectrum through long-lasting metabolic adjustments
including downregulation of RuBisCO, enhanced proteolysis
and changes in the antenna complex [2]. Seagrasses do not
have any stomata, therefore no crassulacean acid metabolism
(CAM) is induced. Analyses have also almost excluded the
possibility of C4 metabolism in seagrasses on the evidence
from δ13C experiments [22].
Rising atmospheric CO2 often triggers the production of
plant phenolics [23]. However, it was recently shown that
high CO2 and low pH conditions due to ocean acidification
decrease, rather than increase, concentrations of phenolic
protective substances in seagrasses and eurysaline marine
plants. These responses are diﬀerent from those exhibited by
terrestrial plants. The loss of phenolic substancesmay explain
the higher-than-usual rates of grazing observed near under-
sea CO2 vents and suggests that ocean acidification may alter
coastal carbon fluxes by aﬀecting rates of decomposition,
grazing, and disease. These observations temper recent
predictions that seagrasses would necessarily be “winners” in
a high CO2 world [24].
Another aspect to be handled by marine plant organisms
is the water and solute transport within the whole organism.
By using apoplastic tracers, Barnabas [25] showed that sea
water freely enters from the medium and moves amongst the
leaf blade and root tissues of Thalassodendron ciliatum and
Halodule uninervis. However, water movement is restricted
by the suberin of the vascular bundles in the blades and
by the hypodermis and endodermis in the roots. Suberin
is often deposited as lamellae, either throughout the entire
wall or concentrated into bands in the radial walls (i.e.,
Casparian strips). In leaves of the seagrass Thalassodendron
ciliatum suberin is found throughout the cell wall and in
the middle lamella between contiguous bundle sheath cells
[25]. Furthermore, in contrast to leaf blades, leaf sheaths
have a distinct “suberin-like” cuticle that prevents seawater
from entering the sheath tissue and acts as a protection of
the meristem tissues and developing leaves. Also in the root
hypodermis Casparian band-like structures were detected
in several seagrass genera (Zostera, Halophila), but not in
other submersed species such as Egeria densa, Eichhornia
crassipes, and Lemna minor. These bands contained suberin
and had an ultrastructure resembling Casparian bands of
the endodermis. They blocked apoplastic transport into the
interior tissues of the roots. Symplastic transport through
the root tissues was not aﬀected by the bands’ presence
[26]. Therefore, controlled selective transport of ions and
water in the presence of osmolytic compounds can be well
reconstructed.
Oxygen transport creates another problem for marine
(and freshwater) plants due to its low solubility in water.
In seagrasses, oxygen is transported to rhizomes and roots
of seagrasses during periods of light when photosynthesis
releases oxygen into aerenchyma. This kind of tissue is
present in all seagrass species to diﬀerent extents and forms
large internal gas spaces [17]. Also air-spaces have been
described in below-ground tissues. Around the roots an
oxidized zone is formed and oxygen diﬀuses into the anoxic
sediment. By night almost all oxygen transport stops and
alcoholic fermentation starts in roots [27]. The oxygenated
rhizosphere of seagrasses during photosynthesis might create
a special environment for the uptake of limiting nutrients
with the help of nutrient/metal-binding and the detoxifi-
cation of toxic elements by oxygenation and/or binding to
chelating compounds. Seagrasses have roots and vascular
tissue allowing them to absorb and translocate nutrients
from soft sediment. In low nutrient environments this pro-
vides seagrass with a competitive advantage over algae as
they can access the higher nutrient concentrations available
in the sediment compared to the overlying water. On the
other hand, in contaminated sediments seagrasses need good
strategies to avoid accumulation of toxic compounds in their
tissue (see Section 5.6).
Roots and stems of seagrasses trap organic matter and
sediment. The decaying organic matter produces a lot of
toxic sulfide. So far it was assumed that the amount of oxygen
released from the roots is suﬃcient to detoxify the high
amounts of sulfide, and stated therefore another problem
successfully solved by seagrasses. However, in most seagrass
beds ancient three-stage symbiosis between seagrass (Zostera
noltii), lucinid bivalves (Loripes lacteus), and their sulfide-
oxidizing gill bacteria reduces sulfide stress for seagrasses.
The bivalve-sulfide-oxidizer symbiosis reduces sulfide levels
and enhances seagrass production as measured in biomass.
In turn, the bivalves and their endosymbionts profit from
organic matter accumulation and radial oxygen release from
the seagrass roots [28]. Therefore, symbiotic and other types
of biotic interactions with organisms also have to be kept in
mind when investigating the physiology of seagrasses in the
future.
There are still many open questions in seagrass physi-
ology, and therefore more physiological studies are needed
to solve the basic problem how they deal with salinity both
in seagrasses and in euryhaline aquatics [6]. One reason
for the lack of knowledge is the establishment of suitable
culturing conditions, a prerequisite for doing reproducible
physiological experiments with a suﬃcient number of repeti-
tions. Culturing of seagrasses is accompanied by a number of
diﬃculties: when grown in climatic chambers using natural
sediment, artificial seawater, and high sodium vapor lamps,
the temperature needs to be carefully controlled and still
the light intensity is rather low inside the water basins.
Also artificial seawater does not completely mimic natural
seawater conditions producing suboptimal growth or even
stress conditions.
More recent approaches also include high throughput
methods such as transcriptomics to analyze the responses of
seagrasses, at least on the expression level [7]. The resulting
EST data are publicly available (Dr. ZOMPO, http://drzompo
.uni-muenster.de/) and are very helpful to design compre-
hensive studies on certain aspects of seagrass physiology.
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If these data are combined with metabolomic data we will
be able to learn more about the hidden details of seagrass
physiology. These approaches will also be speeded up because
the complete genome of Zostera marina is currently being
sequenced and will be published within the next year (http://
www.jgi.doe.gov/sequencing/why/Zmarina.html).
4.2. Role of Aquaporines in Seagrasses. Terrestrial plants
depend on water supply for their growth and development,
and constantly absorb and lose water. The diﬀusion of
water can be driven by concentration gradients of osmot-
ically active solutes or by physical pressure, generating an
osmotic or hydrostatic force, respectively. Beyond simple
diﬀusion across a lipid bilayer, the existence of proteinaceous
water channels, aquaporins, in plant membranes has been
established [29]. While studying mechanisms involved in
water transport in marine plants, two aquaporin-encoding
genes, PoPIP1; 1 and PoTIP1; 1, were isolated from Posidonia
oceanica showing high similarity to plasma membrane-
and tonoplast-intrinsic protein-encoding genes, respectively.
Hyposalinity induced lower levels of PIP1 transcripts, while
hypersalinity determined more PIP1 transcripts than normal
salinity. TIP1 transcripts increased in response to both
hypo- and hypersalinity after two days of treatment and
decreased to control levels after 5 d [30]. The expression
was also investigated by in situ hybridization [31]. PoPIP;
1 transcript was associated with the meristematic region of
the apical meristems (shoot and root), whereas the PoTIP;
1 was mainly associated with the tissues showing a well-
diﬀerentiated vacuole compartment. Moreover, PoPIP; 1
intensively marked the epidermal and subepidermal cells in
the leaves and also in the provascular and vascular tissues.
After hypersalinity treatment, the PoTIP; 1 tissue expression
strongly increased compared to that of PoPIP; 1. In contrast
to terrestrial plants, where aquaporins are involved in water
transport, these in situ results suggest a role in the water
balance and/or solute transport in the diﬀerent organs and
tissues of Posidonia oceanica.
5. Striking Metabolites
5.1. General Introduction. Due to their convergent evolution,
seagrasses share a number of analogous acquired metabolic
adaptations. But their secondary metabolism varies among
the four families that can be considered as true seagrasses.
Terrestrial-like species returned to the sea, during the period
of the ancient Tethys Sea, surrounded by Africa, Gond-
wanaland, and Asia, approximately 90 million years ago,
thus explaining the “terrestrial-like” chemical profile of the
seagrass. Several types of secondary metabolites have been
studied in seagrasses, often from a chemotaxonomic view-
point. Attaway et al. [32] found that the normal alkanes of
several genera represented less than 0.01% dry weight but
their distribution paralleled current taxonomic schemes of
the seagrasses, with Halodule and Syringodium distinguished
from each other and even more clearly from Thalassia
and Halophila. Cluster analysis of high resolution GC-MS
analyses of the sterols and fatty acids of a number of species
from tropical Australia [33] also confirmed significant
segregation of the genera Cymodocea and Halodule from the
hydrocharitacean genera Thalassia and Enhalus. However,
Halophila, a genus from the latter family, but with very diﬀer-
ent morphology, was separated at a much higher level from
all the other seagrasses analyzed. Taxonomic questions at the
species level in seagrasses have also been approached chem-
ically by McMillan et al. [34, 35] using secondary products
such as the flavonones and their sulfated derivatives from
Amphibolis, Halodule, Halophila, Posidonia, and Zostera.
Thus identification of evolutionary unique phytochemicals
may elucidate the taxonomic relationships beside existing
DNA-based approaches. Chemotaxonomy is not the main
criterion to analyze secondary compounds of seagrasses but
researchers hope to find new chemical structures of natural
compounds which might be used in a diﬀerent application.
Advanced techniques such as LS-MS (MS), GS-MS, and
NMR now available to more research groups simplify the
analysis of secondary compounds in seagrasses. As recently
shown byWissler et al. [7], phylogenetically interesting genes
could be identified by comparing the transcriptional pattern
of Posidonia oceanica and Zostera marina. Transcriptomics
combined with metabolomic studies might help to elucidate
seagrass-specific metabolomic pathways.
5.2. Phenols in Seagrasses
5.2.1. Occurrence of Phenolic Acids in Seagrasses. The sec-
ondary metabolism of seagrasses shares features like the
absence of hydrolysable tannins [36]. By taking a rough look
at their metabolism, the basic pool of secondary metabolites
is similar to their terrestrial relatives from which they have
evolved. However, while comparing the variability of single
pathways, for example, of the phenolic substances, Vergeer
et al. [37] observed that seagrasses can be considered as
a rich source for those, including phenolic acids, sulfated
phenolic acids, flavones, condensed tannins, and also lignins.
The pathways for the production of the huge variability
of phenol derivates are interesting from an evolutionary
point of view (unpublished own data). The changes in
phenol metabolism are the result of continuous evolution:
by gene duplication, mutation, subsequent recruitment,
and adaptation to specific functions [38]. This reflects the
adaption to the marine environment. But some compounds
are exclusively found in single seagrass families or species,
such as zosteric acid [39]. Some phenolic compounds were
isolated from Zostera marina and suggested to have an
important role in inhibition of microbial growth, amphipod
grazing and in the resistance to the so-called waste-disease
[40]. The fact that these crude methanolic extracts of
Zostera marina have been found to inhibit the attachment
of marine bacteria, diatoms, barnacles, and polychaetes on
artificial surfaces suggests an antifouling potential of Zostera
marina phenolic compounds. The p-(sulfooxy) cinnamic
acid (zosteric acid) was isolated for the first time as a natural
product from the seagrass Zostera marina and was found
to prevent attachment of marine bacteria and barnacles to
artificial surfaces at nontoxic concentrations [39].
Gallic acid is synthesized and stored in more than
50% of all seagrass species [41]. Also diﬀerences in the
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biosynthesis of phenolic acids can be expected in the diﬀerent
seagrass families. Zosteric acid for example is a hydroxy
cinnamic acid derivative, whereas other phenolic acids are
caﬀeic acid derivatives [42]. The occurrence of the sulfated
phenolic compounds indicated subgeneric diﬀerences in
Zostera and interspecific diﬀerences in Halophila [43]. It
would be interesting to investigate the biosynthesis of
zosteric acid in Zostera genera to analyze the biosynthetic
enzymes in the pathway. In a patent (http://www.patentgen-
ius.com/patent/6841718.html) a specific sulfotransferase was
suggested to be involved. However, no prove was shown to
verify the assumption. Harborne andWilliams [42] indicated
the presence of sulfated flavones in Halophila, Thalassia, and
Zostera species, but they were not recorded in Syringodium
or Posidonia.
At least 23 phenolic compounds were identified in the
seagrass Posidonia oceanica [44]. Chicoric acid and caftaric
acid were identified in detrital and living leaves of the
tropical seagrass Syringodium filiformemaking this abundant
renewable raw material of interest for pharmaceutical pur-
poses and food industries [45]. Phytochemical investigations
revealed the presence of unidentified sulfated phenolic
compounds from nine diﬀerent species of Halophila [43],
unidentified sulfated and nonsulfated flavones from the
Halophila ovalis/Halophila minor complex [35], flavones and
flavone glycosides from Halophila johnsonii [46], as well as
malonylated flavonoid derivatives in the seagrass Halophila
stipulacea [47]. Production of phenolic compounds depends
on the environmental conditions. For example, tannin pro-
duction can be wound-induced in Thalassia testudinum
under simulated grazing conditions [48], and the content
of phenolic compounds in shoots of Zostera marina varied
seasonally [49]. The concentration of phenolic compounds
was measured in the seagrass Posidonia oceanica when
interacting with two Bryopsidophyceae, Caulerpa taxifolia,
and Caulerpa racemosa. Several phenolic compounds were
identified in Posidonia oceanica, with a predominance of
caﬀeic acid in the adult and intermediate leaves. The number
of tannin cells, which are assumed to produce the phenolic
compounds, increased in the leaves when the degree of
interaction with Caulerpa taxifolia increased. Therefore,
interaction of Caulerpa taxifolia with the seagrass Posidonia
oceanica induces its production of secondary metabolites,
probably to limit the invasion of the beds [50].
5.2.2. Polyphenols: Lignin Content and Biosynthesis. One
might assume that seagrasses do not contain any lignin
because they are supported by the hydraulic forces of the
water body. However, in all species analyzed so far lignin was
detected in several tissue types and several isoblastic cells.
Species variation of the lignin content is dependent on the
morphotype and life style of the seagrass. Posidonia oceanica
contains more lignin than Zostera marina, and roots and rhi-
zomes generally contain more lignin than leaves. Obviously,
the ability to produce lignin is not lost by the angiosperm
ancestors of extant seagrasses upon their colonization of
the marine environment. Relative lignin abundances in the
diﬀerent tissues appear to be positively correlated with life
span. Lignification seems to contribute to the longevity
of a tissue by protecting it against microbial attack, and
deposition of lignin in seagrasses is restricted to tissues
that show limited growth [51]. The importance of lignin
in making seagrass below-ground organs particularly decay-
resistant still needs to be adequately addressed as well as their
role as carbon sink. In comparison to lower plants species
the seagrass Posidonia oceanica shows a broad variability in
lignin composition but rather low total lignin content in
purified cell walls [52]. The increased heterogeneity of lignin
monomer composition might be related to the separation of
water transport and support functions, although it has been
reported that the presence of syringyl lignin is not necessarily
linked to the presence of xylem vessels [53, 54]. Recent
data imply that lignification originated as a developmental
enabler in the peripheral tissues of protracheophytes and
would only later have been coopted for the strengthening of
tracheids in eutracheophytes [52]. A pilot study of thermally-
assisted hydrolysis and methylation with pyrolysis GC-MS
for the analysis of vegetable fibres in forensic science found
that the fibre types tended to group into two clusters, with
one containing cotton, hemp, and linen; and the other
consisting of hessian, sisal, jute, and coir. The fibres of a
seagrass sample diﬀered from both groups [55].
Lignins arise from the peroxidase-mediated coupling
of p-coumaryl, coniferyl, and sinapyl alcohols. In gym-
nosperms, they are derived from coniferyl alcohol, whereas
in angiosperms, lignins are derived from coniferyl and
sinapyl alcohols. Until recently, most peroxidases charac-
terized in flowering plants only oxidized coniferyl alco-
hol. However, recent reports have described the molecular
characterization of peroxidases capable of oxidizing sinapyl
alcohol (syringyl peroxidases) [56]. Class III peroxidases
are members of a large multigene family, only detected
in the plant kingdom and absent from green algae sensu
stricto (chlorophyte algae or Chlorophyta). Their evolution
is thought to be related to the emergence of the land
plants. However, class III peroxidases are present in a lower
copy number in some basal Streptophytes (Charophyceae),
which predate land colonization. Current molecular studies
propose that the structural motifs of syringyl peroxidases
predate the radiation of tracheophytes, which suggests that
syringyl peroxidases existed before the appearance of syringyl
lignins [56]. Their high copy number, as well as their conser-
vation could be related to plant complexity and adaptation
to increasing stresses. Probably subfunctionalization explains
the existence of the diﬀerent isoforms [57]. In Arabidopsis
thaliana 73 class III peroxidase genes were clustered in
robust similarity groups. Comparison to peroxidases from
other angiosperms showed that the diversity observed in
Arabidopsis preceded the radiation of dicots, whereas some
clusters were absent from grasses. Grasses contained some
unique peroxidase clusters not seen in dicot plants [58].
The distribution of lignin in the seagrass plant needs to
be investigated in more detail. Own microscopical studies
using diﬀerent staining techniques indicate the abundance
of diﬀerent types and numbers of idioblastic lignified cells
along the leaf tissue. Their function is so far unknown
[59].
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5.2.3. Abundance of Flavonoids. The polyphenolic flavonoids
are found in either of five chemical structures, like flavones,
flavonols, flavanons, flavanols, and anthocyanidins. The
presence of sulfated flavones was reported in Halophila,
Thalassia, and Zostera species, but they were not recorded
in Syringodium spp. or Posidonia oceanica [42]. Flavonoid
sulfates were also detected in Halophila ovalis and Thalas-
sia testudinum [43, 60]. McMillan et al. [43] extensively
studied 43 species of seagrasses and showed that all con-
tained either flavones and/or phenolic acid sulfates. The
occurrence of the sulfated phenolic compounds indicated
subgeneric diﬀerences in Zostera and interspecific diﬀerences
in Halophila.
One example demonstrates the antifouling eﬀect of sul-
fated flavonoides. Significantly fewer thraustochytrid protists
(zoosporic fungi) were observed in association with healthy
leaf tissue of Thalassia testudinum than in association with
sterilized samples that were returned to the collection site for
48 h. In support of the hypothesis that seagrass secondary
metabolites were responsible for these diﬀerences, extracts
of healthy Thalassia testudinum leaf tissues inhibited the
growth of the cooccurring thraustochytrid Schizochytrium
aggregatum and deterred the attachment of Schizochytrium
aggregatum motile zoospores to an extract-impregnated
substrate. By using Schizochytrium aggregatum for bioassay-
guided chemical fractionation, luteolin was isolated. These
results oﬀered the first complete chemical characteriza-
tion of a sulfated flavone glycoside from seagrasses and
provide evidence that a secondary metabolite chemically
defends Thalassia testudinum against fouling microorgan-
isms [61]. The four flavones, luteolin, apigenin, luteolin-
3-glucoronide, and luteolin-4-O-glucoronide, all of them
with antibicrobial potential were identified from the ethanol
extract of air-dried Enhalus acoroides from South China Sea
[62].
Cannac et al. [63] reported flavonoid glycosides and
acyl derivatives, which yield after hydrolysis the respective
flavonoid aglycones in Posidonia oceanica leaves. Later,
Cannac et al. [64] found dramatic losses of flavonoids when
analyzing freeze-dried and chilled leaves as opposite to fresh
and oven-dried leaves of Posidonia oceanica. Bitam et al.
[47] isolated and identified malonylated flavone glycoside
derivatives from Halophila stipulacea using HPLC and NMR.
Heglmeier and Zidorn [4] compiled and appraised the
data of secondary metabolites of Posidonia oceanica and
they summarized 51 natural products including phenols,
phenylmethane, phenylethane, phenylpropane derivatives
and their esters, chalkones, and flavonoids. Significantly
higher flavonoid amounts were observed in the leaves of
intertidal and subtidal Halophila johnsonii when compared
to the leaves of intertidal Halophila decipiens [65]. These
functional derivatives of flavonoids are considered to strive
against the marine microorganisms exhibiting chemical
defense. Takagi et al. [66] identified next to phenols including
phenolic acids, lignin and flavonoids, and isoprenoids, also
alkaloids in Phyllospadix iwatensis. This newly identified
flavonoidal alkaloid was called phyllospadin. However, the
class of alkaloids is not well represented in the four seagrass
families.
5.3. Terpenoids. There is only one detailed report on the
occurrence of terpenoids in seagrasses. Despite the impor-
tant ecological role of Cymodocea nodosa in the marine
ecosystem, knowledge of its chemical content is limited.
Only molecules frequently found in terrestrial plants such as
caﬀeic acid, inositol, sucrose, monoglucoside of quercetin,
monoglucoside of isoramnetin, cichoric acid, as well as
polyamines like putrescine, spermidine, and spermine, have
been reported as constituents of Cymodocea nodosa. Fur-
thermore, 24a-ethyl sterols and 24a-methyl sterols along
with their 24b-epimers, cymodiene and cymodienol, the first
diarylheptanoids isolated from marine organisms, comprise
the total number of metabolites isolated from Cymodocea
nodosa so far. Recently, new terpenoid compounds from the
structural class of diarylheptanoids, a new meroterpenoid,
and the first briarane diterpene isolated from seagrass,
and only the second analog of this class with a tricyclic
skeleton. Furthermore this metabolite is the first brominated
briarane diterpene [67]. All newly detected compounds were
assayed for their antibacterial activity against multidrug
resistant (MDR) and methicillin-resistant bacterial strains.
The activity reached fromweak to strong and therefore opens
the field for the formulation of new antibiotics [67] which
are urgently needed due the many MDR strains, especially in
hospitals. Probably more compounds with antibiotic activity
in seagrasses will be found.
5.4. Sugars and Sulfated Polysaccharides in Seagrasses
5.4.1. Remarkable Sugars. The osmoregulation in seagrasses
has not been unambiguously elucidated so far. Several sugars
might play a role. The sugar chemistry of seagrasses evolved
diﬀerently from land plants, leading to a broad range of
diﬀerent inositols in addition to the ubiquitous sucrose,
glucose, and fructose [68]. Of the nine possible inositols,
five are known to occur in plants; myo-, l-chiro-, muco- and
O-methyl-mucoinositol occur in seagrasses. Myo-inositol is
found in all living cells in amounts usually considerably less
than 1% dry weight. It is apparently synthesized by direct
cyclization of photosynthetically-produced glucose and it
is mainly used in cell wall synthesis. Leaves and rhizomes
of some seagrasses, particularly the Zosteraceae, contain
relatively large amounts of this compound, up to amaximum
of 2.2% dry weight in Zostera noltii rhizomes. In most plants
the cyclization enzyme is conservative and yields only myo-
inositol, which then acts as the sole precursor for any other
inositols they accumulate. Drew [68, 69] suggested that, since
the configuration of the glucose molecule would permit the
direct formation during cyclization of all the inositols found
in seagrasses, they may be inevitable byproducts of another,
less specific, glucose cyclization enzyme.
Taking this as a base, Drew [68] tried to solve the phy-
logeny of seagrasses, according to the inositol pattern, taking
the genus Halodule as common ancestor. Only members
of Cymodoceaceae accumulate these other inositols, with a
preponderance of l-chiro-inositol. This compound has been
detected in all genera except Halodule, with a maximum
of 6.8% dry weight in Cymodocea rotundata leaves. Muco-
inositol appears to be slightly less widely distributed in these
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seagrasses whilst its O-methyl ester is restricted to the
endemic temperate Australian genus Amphibolis. However,
those other than myo-inositol can probably accumulate to
several percent dry weights because they are not subsequently
utilized, even after all soluble sugars have been respired away
during dark starvation for several days. The possibility that
these compounds might be involved in an osmoregulatory
role was not supported by studies at high and low salinities,
although respiration, and therefore sucrose utilization, was
increased at both extremes [68]. Tyerman et al. [70] also
implicated sucrose, and possibly amino acids, as minor
osmoregulants, in their study of the osmotic environment of
Posidonia australis and Zostera capricorni leaves.
5.4.2. Sulfated Polysaccharides. Sulfated polysaccharides
(SPs) comprise a complex group of macromolecules with a
wide range of biological, partly unknown functions. These
anionic polymers are widespread in nature, occurring in a
large variety of organisms. Although their structures vary
among species, their main features are conserved among
phyla. Green algal SPs are quite heterogeneous and usually
heteropolysaccharides. The red algal SPs (like agar and
carrageen) are composed of repeating disaccharide units
with diﬀerent sulfation patterns which vary among species.
The SPs from invertebrates such as sea urchins and ascidians
(tunicates) are composed of well-defined repetitive units.
Chains of 3-linked β-galactoses are highly conserved in
some marine taxonomic groups, with a strong tendency
toward 4-sulfation in algae and marine angiosperm, and
2-sulfation in invertebrates [71]. SPs of seagrass species
are composed of galactose units. Seagrass species contain
various amounts dependent on the organ and on the salinity
(Halodule wrightii 8.5 μg SP and Halophila decipiens 7.7 μg
SP per mg dry weight), comparably high as some mangrove
species, whereas in terrestrial crop plants the values are
below 0.001 μg SP per mg dry weight [72, 73].
So far SP biosynthesis and exact physiological role in
seagrasses were not clarified. Probably the biosynthesis of
sulfated galactans starts with a precursor of lower molecular
weight and degree of sulfation suggesting that glycosyltrans-
ferases and sulfotransferases may function simultaneously
during the biosynthesis of sulfated galactans, at least in
R. maritima [73]. Until the first seagrass genome will be
completely sequenced, the identification of responsible gly-
cosyltransferases and sulfotransferases using the sequenced
genome of Ectocarpus siliculosus [74] might be a promising
approach. Interestingly, green algae, the ancestor of higher
plants [75], possess all units of SP also found in all
investigated halophytic aquatic plants [72, 73]. This finding
suggests that the production of SP is conserved throughout
the plant evolution from green algae [73]. It is speculated
that the activation and inhibition of glycosyltransferase genes
alter the composition of SP among the diﬀerent phyla [73].
In seaweeds, SPs are found in the extracellular matrix.
SP might protect against dehydration occurring at low tide.
They are important both in terms of resistance to mechanical
stresses and as protection from predators [76]. The function
of SP in the plant cell wall in high salt environments is
still unclear. It is speculated that SPs increase the Donnan
potential [77], supporting ion transport at high salt concen-
trations. In Ruppia maritima SPs were not found when the
plant was cultivated in freshwater [73]. Species being able to
survive in both saline and freshwater conditions might be
well-suited study objects to analyze the function of SP. The
current state of knowledge suggests that the presence of SP in
plants is an adaptation to high salt environments, which have
been conserved during plant evolution from marine green
algae.
5.5. Dimethylsulfoniopropionate (DMSP) in Seagrass. It was
shown that next to green, red, and brown algae several
angiosperms produce dimethylsulfoniopropionate (DMSP).
DMSP is broken down by marine microbes to form two
major volatile sulfur products, each with distinct eﬀects
on the environment. Its major breakdown product is
methanethiol which is assimilated by bacteria into protein
sulfur. Its second volatile breakdown product is dimethyl
sulfide (DMS). Atmospheric oxidation of DMS, particularly
sulfate and methanesulfonic acid, is important in the for-
mation of aerosols in the lower atmosphere. Probably these
aerosols act as cloud nucleation sites. Therefore DMS is
thought to play a role in the Earth’s heat budget by decreasing
the amount of solar radiation that reaches the Earth’s surface
[78].
However, the presence of high concentrations of DMSP
in higher plants is limited to a few species such as Spartina
spp. (>50 μmolDMSP g−1 fresh weight in the leaves) [79]. In
seagrasses diﬀerent DMSP concentrations have been found:
Halodule wrightii 3.3 μmol g−1 fresh weight, Syringodium
filiforme 0.10 μmol g−1 fresh weight, Thalassia testudinum
in epiphytized and nonepiphytized leaves between 0.18 and
4.0 μmol g−1 fresh weight, and very low amounts in the
rhizome [80]. These results indicate that the degree of epi-
phytization plays a major role in the contribution of sea-
grasses to the total DMSP production. The regulation of
the biosynthetic pathway of DMSP in seagrasses needs to be
elucidated to clarify the overall contribution by seagrasses.
5.6. Peptides and Proteins Involved in Metal Binding. Heavy
metals are taken up by seagrasses and accumulate in diﬀerent
tissues to diﬀerent extents [81–83]. Several seagrass species
such as Posidonia oceanica [84], Cymodocea nodosa [85],
Cymodocea spp., Enhalus acoroides, Halodule spp., Halophila
spp., Syringodium isoetifolium, and Thalassia hemprichii [83,
86, 87] have been even used as bioindicator for heavy metal
accumulation in contaminated and noncontaminated areas.
It was shown that the accumulation of the same metal
varies by diﬀerent species of seagrasses and heavy metals
were not homogeneously distributed in all the seagrasses
[87]. Also Thalassia testudinum was used as bioindicator
for trace metal stress and investigated in more detail. For
this species, the accumulation of Cd varied in a dose-
dependent manner and according to the tissue examined.
Cd accumulation of green leaves was higher than other
organs (sheaths, roots/rhizomes) after 96 h of treatment. It
was found that the higher the Cd concentration in ambient
environment the higher the Cd concentration in the tissue.
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Besides significant diﬀerent Cd accumulation in diﬀerent
tissues, results also showed that thiols including cysteine, glu-
tathione and γ-glutamylcysteine, and phytochelatin-(PC-)
like peptides were induced after diﬀerent times of exposure.
Thiols were found in the green blades and rhizomes after 24 h
of treatment, whereas in the sheaths those thiols accumulated
after 114 h of exposure. Moreover, total thiols in green blade
tissue showed the highest content, followed by live sheaths
and root/rhizome [88].
PCs and metallothioneins (MTs) are Cys-rich metal
chelators that represent the two principle groups of metal-
binding molecules found across most taxonomic groups
[89]. PCs, glutathione-derived metal binding peptides, usu-
ally with the structure of (1′-Glu-Cys)n-Gly (n = 2–11) are
enzymatically synthesized peptides known to be involved
in heavy metal detoxification, mainly Cd and As, which
has been demonstrated in plants, algae, and some yeast
species grown at high heavy metal concentrations [90]. So
far, neither the exact composition of PCs in seagrasses nor
the biosynthetic enzyme, PC synthase, have been analyzed in
seagrasses.
MTs are a group of proteins with low molecular mass
and high cysteine content that bind heavy metals and are
thought to play a role in their metabolism and detoxification
[90]. The criteria that define a protein or peptide as an MT
are (i) low molecular weight (<10 kDa), (ii) high metal and
sulfur content (>10%), (iii) spectroscopic features typical
of M–S bonds, and (iv) absence or scarcity of aromatic
amino acids [91]. However, when all criteria are not fulfilled
often proteins are called MT-like proteins. There are only
a few papers reporting on the metal-binding mechanisms
of seagrasses [92, 93]. Three genomic sequences putatively
encoding MTs were isolated from Posidonia oceanica [92],
namely, Pomt2a, Pomt2b and Pomt2c that showed high
similarities to putative plants MTs. Pomt2a and Pomt2b
contain a CXXC motif classifying them as type II plant MTs,
the remaining Pomt2c is considered to be a pseudogene.
Moreover, authors indicated that there were at least five
MT genes present in Posidonia oceanica genome based on
Southern blot hybridizations. Results of Giordani et al.
[92] showed that based on Northern blot hybridization
MT transcript accumulation was increased by Cu and Cd
exposure, whereas no apparent eﬀect was observed after Hg
treatment. Higher Cu2+ concentration (10 μmol) treatment
showed higher MT transcript accumulation than low Cu2+
concentration (1 μmol). Based on these results Cozza et al.
[93] continued to carry out the studies in more detail.
Nine MT-like sequences from Cu or Cd treated Posidonia
oceanica were isolated by RT-PCR. One sequence is similar
to Pomt2b. Phylogenetic analysis of MT-like protein deduced
from isolated MT-encoding genes from Posidonia oceanica
showed two subgroups. To better understand the functional
role of the two MT subgroups one gene representative for
each group was used for in situ hybridization to discover
spatial expression of the plant. Interestingly, the members
of these two MT subgroups showed diﬀerences in their
histological expression, with Pomt2b associated with the
proliferative tissues whereas Pomt2f was associated with the
lignified or suberized cell wall [93].
In summary, seagrasses can survive and grow well in
environments contaminated with heavy metals. On the one
hand, putative MT-like proteins are considered to bind heavy
metals. On the other hand, the dominant frequency of
putative MT transcripts found in Zostera marina under heat
stress suggests that other functions of MTs are still unknown.
Hence, detailed research on MT function and the number of
genes encoding MTs are needed.
6. Economical Use of Seagrasses
and Their Products
6.1. Technical Applications. Studies reveal the importance
of the seagrass Zostera marina for subsistence cultures for
many generations, for example, in the North Atlantic [94].
These cultures derive many and varied natural products
from this plant species and their recognized historical value
contributes to the protection of sites of former gather-
ing activity [94]. Ethical positions regarding the value of
resource extraction are common among traditional and
indigenous cultures, often leading to the protection of
habitats that support valuable resources. Also in Europe
the dried flotsam of Zostera marina was used as mattrass
and padding material, as erosion protection mat and for
insulation at the end of the 19th and beginning of the 20th
century. Since a few years Zostera flotsam is used to press
flake boards for insulation purposes (http://tu-dresden.de/
Members/soeren.tech/news/Seegras).
Intensive elder literature including ethnobotanical obser-
vations and screening of more recent literature revealed
many inhibitory activities of seagrass material. Crude
extracts showed antibacterial, antifungal, antiviral, antiox-
idant, antiinflammatory, antidiabetic, anti-cancerogen, and
so forth activities. In some studies the researchers aimed to
identify and isolate the bioactive compound in the extracts.
Fractionation and isolation of compounds by HPLC analysis
were partly successful. There are several examples of success-
ful demonstration of bioactive activity of a single compound.
One very successful case study is the structure determination
of zosteric acid, its subsequent chemical synthesis, and
the exploration of its biotechnological applications. This
discovery followed the general approach shown in Figure 2.
It was observed that rates of decomposition (usually
<1% of dry weight day−1) of Zostera flotsam are generally
low compared with other vascular macrophyte sources of
detritus, but are influenced by many variables. Seagrass
detritus undergoes an initial period of leaching, leaving
a poor substrate for bacteria because what soluble mate-
rial remains is deficient in inorganic nutrients, contains
inhibitory phenolic compounds, and is protected by cellulose
and lignin [49, 95]. One inhibitory compound is zosteric acid
(Figure 3) [39].
Recently, zosteric acid was generated by treating trans-
4-hydroxycinnamic acid with the sulfur trioxide pyridine
complex, a solid, easy to handle compound, in N,N-
dimethylformamide (DMF) as solvent. After 2 h at 50◦C,
trans-4-hydroxycinnamic acid is completely converted to
zosteric acid. The latter was isolated as the sodium salt by
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Figure 3: Chemical structure of zosteric acid.
adding 30% NaOH to pH 7, followed by extraction with
dichloromethane to remove pyridine and DMF [96].
Based on this relatively simple synthesis large amounts
of zosteric acid can be produced. Currently, its biofilm
inhibiting activity is tested by diﬀerent research groups. The
antifouling eﬀectiveness of zosteric acid has been demon-
strated both in static laboratory assays and with zosteric
acid directly dispersed in marine water [97]. With respect to
the mode of action, it was shown that zosteric acid hinders
the biofilm formation by increasing the bacterial motility by
40%. Therefore the phase from the planktonic life form to
the sessile by attachment to the surface does not take place
[96]. Zosteric acid seems to be an ideal compound because
it has low general toxicity but specifically inhibits biofilm
formation at early stages. Product development and zosteric
acid formulation is underway, for example as an ingredient in
antifouling paints. Probably, there will be more compounds
isolated from seagrasses with antifouling activity because
there are a number of publications reporting inhibition of
biofilm formation, such as methanolic extracts ofCymodocea
rotundata accessions collected in the Gulf of Mannar, India
[98].
6.2. Pharmaceutical and Nutraceutical Applications. One of
the rare real applications seems to be zosterin, a bioactive
pectin from Zostera asiatica, which decreases toxicity of anti-
tumor drugs and purges heavy metals from human organ-
isms [99]. These properties led to a patented and marketed
drug and food in Russia (Patents RU2128918, RU2129388C1,
RU2132696C1, and RU2242217).
It is suggested to use extracts of Zostera marina as a
material for cosmetics (Patent EP1342468 B1, New cosmetic
raw materials from plants of the family Zosteraceae for
special cosmetic eﬀects and uses. The use is claimed for the
topical cosmetic use of biologically-active ingredients from
extracts, seaweed hyaluronates and micropowder obtained
from Zosteraceae plants by solvent treatment) and pharma-
ceutical applications (Patent EP 1338286 A1 Use of extracts
from plants of the family Zosteraceae for the prevention and
therapy of bacterial and viral infections).
Free L-chiro-inositol was isolated from aqueous extracts
of dried detrital Syringodium filiforme leaves [100]. The high
concentrations found (2.3–2.5% dry weight) oﬀer promise
for the exploitation of Syringodium flotsam as a new
cheap source for nutraceutical or therapeutic applications,
considering the demonstrated hypoglycaemic action of L-
chiro-inositol.
7. Summary and Outlook
(i) Seagrasses form an ecological group and evolved
three to four times towards an aquatic and marine
existence.
(ii) Seagrass taxonomy is neither solved on the species
level and nor below.
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(iii) Their physiology is not well investigated due to dif-
ficult in situ and in vitro growth conditions, and there
are still many adaptations to discover.
(iv) Seagrasses contain valuable compounds of economic
interest not found in other taxonomic groups.
(v) Seagrass metabolite content is another still buried
treasure of the ocean to be lifted.
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